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Abstract 
Background: Generalized joint hypermobility is an important risk factor for knee injuries, 
including to the Anterior Cruciate Ligament (ACL). Examining movement patterns specific to 
hypermobile individuals during sport-specific movements could facilitate development of 
targeted recommendations and injury prevention programs for this population.  
Hypothesis: Asymptomatic hypermobile participants will present kinematics measures 
suggestive of a greater risk of non-contact knee or ACL injuries. 
Study design: Cross-sectional study. 
Level of evidence: 3 
Methods: Forty-two (15 asymptomatic hypermobile and 27 non-hypermobile) individuals 
performed unanticipated side-step cutting on their dominant and non-dominant legs. Ankle, 
knee, hip, pelvis, and trunk angles in all planes of motion were collected during the first 100 
milliseconds after initial contact using a three-dimensional infrared system. Pre-contact foot-
ground angles were also extracted. Data from hypermobile and non-hypermobile groups were 
compared using multiple regression models with sex as a confounder. When non-significant, 
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the confounder was removed from the model. Effect sizes (Hedge’s g) were calculated in the 
presence of significant between-group differences. 
Results: Hypermobile individuals presented with lower minimum knee valgus angles with a 
mean difference of 3.5° (P = 0.032, Hedge’s g = 0.69) and greater peak knee external rotation 
angles with a mean difference of -4.5° (P = 0.035, Hedge’s g = 0.70) during dominant leg 
cutting, and lower peak ankle plantarflexion angles with a mean difference of 4.5° (P = 0.027, 
Hedge’s g = 0.73) during non-dominant leg cutting compared to non-hypermobile individuals.   
Conclusions: Based on current scientific evidence, however, the identified differences are not 
crucial biomechanical injury risk factors that could predispose asymptomatic hypermobile 
individuals to non-contact knee or ACL injuries. 
Clinical relevance: Further research is needed to highlight differences between hypermobility 
groups. Knowledge of the differences between these groups may change the physical activity 
recommendations, prevention of injury, and rehabilitation approaches. 




Generalized joint hypermobility (GJH) is characterized by increased movement in multiple 
joints beyond normal ranges expected in a given population6. The scientific literature has 
identified GJH as a risk factor for non-contact knee injuries, including to the Anterior Cruciate 
Ligament (ACL)30,44. GJH is usually a congenital, inherited disorder and therefore cannot be 
prevented6. Neuromuscular and biomechanical factors also play a central role in non-contact 
lower extremity injuries; however, high injury-risk movement patterns are modifiable using 
training interventions27. Studies have shown that GJH may affect posture and movement; for 
example, hypermobile individuals demonstrate postural deviances of hip and trunk4, and 
altered movement patterns during stair climbing28 and gait11,12,34,40 compared to non-
hypermobile individuals.  
None of the previous studies explored three-dimensional (3D) kinematics of hypermobile 
individuals during sport-specific movements associated with high risk of non-contact knee and 
ACL injury. The identification of movement patterns specific to hypermobile individuals 
during sport-specific high injury risk movements could facilitate the development and 
implementation of targeted recommendations, exercises, and injury prevention programs for 
this population. Furthermore, a recent framework for the classification of GJH suggests 
dividing hypermobile individuals into three categories: individuals with asymptomatic joint 
hypermobility, individuals with a well-defined syndrome associated with joint hypermobility, 
and individuals with symptomatic joint hypermobility6. Most published studies have explored 
movement patterns in children, symptomatic hypermobile individuals, or individuals with 
inherited well-defined disorders. There is currently a lack of evidence concerning the 
asymptomatic hypermobile population11,12,34.  
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Therefore, the aim of this study was to compare unanticipated side-step cutting kinematics 
between asymptomatic hypermobile and non-hypermobile participants. We hypothesized that 
asymptomatic hypermobile participants would present kinematic measures suggestive of a 
greater risk of non-contact knee or ACL injuries, such as greater knee valgus motion, greater 
lateral trunk flexion motion, and less knee flexion during unanticipated cutting. 
2 Methods 
2.1 Participants 
This study aimed to test a total of 15 individuals with GJH based on sample sizes of previous 
studies exploring differences in biomechanical measures between adult participants with GJH 
(12 to 17 participants) and healthy controls (12 to 20 participants)12,40. Given that participants 
were not screened for GJH prior to participation, this resulted in a total sample size of 42 
individuals participating in this study (15 with GJH and 27 controls). 
Participants were recruited through personal contacts, institutional e-mail lists and online 
forums, advertisements to local sport clubs, advertisement on social media, and word of mouth. 
The inclusion criteria were regular participation in a team sport that involved cutting and being 
free from any injury or illness that had prohibited or limited physical activity in the 6 months 
prior to testing. A history of a previous injury or surgery was not an exclusion criterion. Only 
asymptomatic hypermobile or non-hypermobile participants were eligible; therefore, 
participants with known diagnosis of medical syndromes associated with joint hypermobility, 
e.g., Ehlers Danlos syndrome and Marfan syndrome, or participants with symptomatic joint 
hypermobility were excluded. The University of Waikato Human Research Ethics Committee 
approved the study protocol [HREC(Health)2018#27], which adhered to the Declaration of 




2.2 Experimental procedure 
Participants were familiarized with the experimental protocol and all testing was completed in 
one session. After completing the baseline questionnaire and the self-administered short-form 
International Physical Activity Questionnaire8, an experienced physiotherapist recorded 
Beighton scores following a standardized protocol using a goniometer43. The Beighton score 
is a major criterion used in diagnosing GJH, and has been shown to be a valid and reliable 
diagnostic tool32. In this study, sex and age-specific cut-off scores to identify hypermobile 
individuals based on Singh et al.41 were used. The cut-off score of ≥ 5 points was used for 
females and ≥ 4 points for males. After recording the Beighton scores, an unanticipated side-
step cutting maneuver was tested. For the side-step cutting maneuver, participants started five 
meters in front of the target cutting area. When the participant moved within the target area, 
timing gates (Swift Performance SpeedLightTM) triggered one of two lights in a randomized 
order to signal the cutting direction, Figure 1. During cutting, participants were required to stay 
between two lines that were taped on the floor, which indicated a cutting angle between 60° 
and 90° (Figure 1). A minimum approach speed of 3.5 m/s at the penultimate foot contact was 
required based on previous studies to mimic a typical game setting35. After a familiarization 
period of on average two attempts, each participant completed three successful repetitions of 
side-step cutting maneuvers on the dominant and non-dominant legs. For right-leg dominant 
participants, cutting to the left side represented dominant leg cutting and to the right side 
represented non-dominant leg cutting. The Perceived Recovery Status Scale was used to 
monitor subjective ratings of recovery26. To ensure sufficient recovery times between trials, 
participants needed to self-report ratings ≥ 7 before starting the next trial; else, the rest periods 
were extended. Participants wore their own sport shoes for testing. 
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Figure 1. Scheme of unanticipated side-step cutting maneuver. 
2.3 Instrumentation 
Whole-body motion was monitored during the cutting maneuvers using an 8-camera Oqus 700 
3D motion capture system at 200 Hz and the Qualisys Track Manager software version 2019.1 
(Qualisys AB®, Gothenburg, Sweden). Forty-two 12.5 mm retroreflective markers and five 
clusters were taped onto the skin and shoes, which were modelled using the Calibrated 
Anatomical System Technique5 with an additional cluster placed on the right side of the pelvis 










Figure 2. Marker placement. 
2.4 Data processing 
The raw data were exported to the .c3d format and processed using Visual3D ProfessionalTM 
software version 6.01.36 (C-Motion Inc., Germantown, Maryland, USA). From the reference 
set of markers, a full-body biomechanical model with six degrees of freedom at each joint and 
13 rigid segments was constructed, with the local coordinates of all body segments derived 
from a 5-seconds static trial captured prior to the cutting maneuver. Any gaps in the marker 
data less than 10 frames were interpolated using a third order polynomial fit algorithm. 
Subsequently, the marker data were filtered using a fourth order low-pass Butterworth filter 
with a cut off frequency of 15 Hz16. 
Kinematic parameters were calculated using an XYZ cardan sequence equivalent to the joint 
coordinate system proposed by Grood and Suntay14. Ankle, knee, hip, pelvis, and trunk angles 
in all three planes of motion were extracted from the first 100 milliseconds after initial contact 
(minimum, maximum, and range values) and foot-ground angles in all three planes of motion 
one frame before initial contact to explore pre-landing strategy17. The timeframe of 100 
milliseconds after initial contact was chosen as this has been reported to be the time within 
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which ACL injuries are most likely to occur24. Initial contact was defined as the instance when 
the cutting-leg foot center of gravity acceleration in the vertical plane of the lab coordination 
system (z) reached a maximum value. Furthermore, the pelvis center of gravity velocity at 
initial contact and cutting angle during the cutting maneuver were extracted to quantify cutting 
performance. The directionality and interpretation of joint movements are presented in 
Appendix Table A1. 
2.5 Statistical analysis 
Joint angle data were exported to Excel where the values from three trials were averaged, which 
were then used for further processing. Given that our data showed significant differences 
related to leg dominance during cutting maneuvers, dominant and non-dominant leg cutting 
was analyzed separately. Mean ± standard deviation, median (interquartile range), and range 
(minimum to maximum) values were calculated from the descriptive and biomechanical data 
to describe the hypermobile and non-hypermobile groups based on variable type. Two-tailed t-
tests with unequal variance or Mann-Whitney U tests were carried out to investigate differences 
in demographic characteristics of the subgroups analyzed. A multiple linear regression model 
was used to compare the kinematic variables between the hypermobile and non-hypermobile 
groups with sex as a confounder. We controlled for sex due to the significant differences 
previously reported in cutting maneuvers2. When the sex confounder was not significant it was 
removed from the model.  For statistically significant differences between hypermobile and 
non-hypermobile groups, mean differences with 95% confidence intervals and corresponding 
effect sizes (Hedge’s g) were calculated. Note that no analysis was performed if only the sex 
confounder was significant. Thresholds for interpreting the magnitude of Hedge’s g were 0.20, 
0.50, and 0.80 for small, moderate, and large effects, respectively25, with effect sizes < 0.20 
considered trivial. The statistical significance level was set at α ≤ 0.05 for all analyses. All 
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statistics were computed using Microsoft® Excel® for Office 365 MSO and RStudio® Version 
1.1.463 with R version 3.5.2.  
 3 Results 
A sample of 42 participants, 25 males and 17 females, participated in the study (Table 1). A 
significant difference for Beighton scores was seen between the hypermobile and non-
hypermobile groups (P < 0.001, Table 1). The majority of participants (93%) were right-leg 
dominant, assessed by the preferred leg when kicking a ball. According to the International 
Physical Activity Questionnaire, the level of physical activity was high for 53% and moderate 
for 47% of the hypermobile participants. The level of activity for non-hypermobile participants 
was high, moderate, and low in 63%, 33%, and 4% of participants, respectively. From our 
sample, 31% of participants played soccer, 26% rugby, 17% ultimate Frisbee, 14% netball, 7% 
basketball, and 5% field hockey. Participants’ level of engagement with sport was 55% club 
level, 21% recreational, 17% national level, and 7% school level. 




Hypermobile (n = 15) Non-hypermobile (n = 27) 
 Males Females Males Females 
n 42 8 7 17 10 
Age (years) 23.0 ± 4.8 22.3 ± 5.1 24.4 ± 7.1 24.2 ± 3.6 20.6 ± 4.1 
Height (cm) 176.9 ± 9.0 180.1 ± 4.7 166.6 ± 7.5 183.2 ± 6.9 170.7 ± 4.3 
Mass (kg) 76.6 ± 14.4 82.7 ± 11.0 59.3 ± 5.6 86.1 ± 12.4 66.3 ± 6.3 
BMI (kg/m2) 24.3 ± 3.1 25.4 ± 2.4 22.1 ± 2.7 25.6 ± 3.3 22.7 ± 1.8 
Physical activity 
(hours per week) 
6.7 ± 4.4 8.4 ± 6.4 5.2 ± 3.4 7.1 ± 4.5 5.5 ± 2.3 
Physical activity 
(times per week) 





10.5 ± 6.2 12.8 ± 6.4 5.1 ± 4.8 12.2 ± 6.3 9.5 ± 5.0 
Beighton score 
(points) 
3 (2) 5 (1)* 8 (1)* 1 (2)* 3 (2)* 
Abbreviations: BMI, body mass index; n, number of participants  
Hypermobile, Beighton score ≥ 4 points for males and ≥ 5 points for females; non-hypermobile, Beighton score 
< 4 point for males and < 5 points for females. 
* Significant difference (Mann-Whitney U test P-value < 0.001) between hypermobile and non-hypermobile 
groups 
 
Overall, the mean cutting angle was 58.3 ± 9.8° and cutting speed at initial contact was 3.4 ± 
0.5 m/s. Mean ± standard deviation values of kinematic variables for the two groups during 
side-step cutting maneuvers are presented in Appendix Table A2. During dominant leg cutting 
maneuvers, both groups held their knees in a valgus position, with the hypermobile group 
having lower minimum knee valgus angles (mean difference 3.5° [0.3 to 6.8], P = 0.032, 
Hedge’s g = 0.69) compared to the non-hypermobile group. During dominant leg cutting, 
hypermobile group presented with greater peak knee external rotation angles with a mean 
difference of -4.5° [-8.5 to -0.4] (P = 0.035, Hedge’s g = 0.70) when compared to the non-
hypermobile group. During non-dominant leg cutting maneuvers, the hypermobile group 
presented lower peak ankle plantarflexion angles with a mean difference of 4.5° [0.5 to 8.4], 




The purpose of this study was to compare the kinematics of cutting maneuvers between 
asymptomatic hypermobile and non-hypermobile participants. Despite significant and 
moderate differences in cutting kinematics identified between the two groups, based on current 
evidence3,7,13,18,38, these kinematic variables do not seem to play crucial roles in non-contact 
knee and ACL injury mechanisms. 
According to our results, the minimum knee valgus angle during the dominant leg cutting 
maneuvers was significantly different between hypermobile (-0.5° ± 4.8°) and non-
hypermobile (-4.0° ± 5.1°) groups. The peak knee valgus angle is a well-recognized risk factor 
for ACL injuries18,19, however the minimum knee valgus angle has not been associated with 
injury risk. Besides of greater knee valgus angle, we hypothesized greater lateral trunk flexion 
and lesser knee flexion angles in the hypermobile group. However, in contradiction to our 
hypothesis, these variables were not significant different between groups. 
The peak knee external rotation angles were significantly greater for the hypermobile compared 
to the non-hypermobile group during dominant leg cutting maneuvers. Substantial external 
rotation of the tibia together with knee valgus can cause impingement of the ACL against the 
intercondylar notch and increase the strain in the ACL3. This impingement is far more common 
when the knee is in a hyperextended position and can cause a midsubstance tear of the ACL. 
That said, the majority of  sport-related non-contact ACL injuries occur in a partially-flexed 
knee position and ruptures are mostly located closer to the femoral attachment site3. Therefore, 
greater peak external rotation angles of the tibia are not crucial biomechanical injury risk 
factors that could predispose asymptomatic hypermobile individuals to non-contact ACL 
injuries in this particular task, especially given the knee flexion angles observed (mean values 
≥ 25° across groups, Appendix Table A2). 
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During non-dominant leg cutting, the hypermobile group had lower peak ankle plantarflexion 
angles compared to the non-hypermobile group. Ankle dorsiflexion range of motion is 
associated with an increased sagittal plane displacement during jump-landing tasks and a softer 
landing technique20. However, to the authors’ knowledge there are no studies exploring how 
limited ankle dorsiflexion or plantarflexion influence the biomechanics of cutting maneuvers. 
Several studies have highlighted the effect of foot strike angle on lower extremity biomechanics 
during cutting maneuvers9,46. More specifically, fore foot strike was associated with a smaller 
knee valgus angle, greater muscle activity of hamstrings, and greater energy absorption at the 
ankle than at the knee; which altogether suggests a lower risk of ACL injury9,46.  However, 
foot-ground angles were similar between hypermobile and non-hypermobile participants tested 
in our study. Based on current evidence, we cannot conclude if the lower peak ankle 
plantarflexion angles found in the hypermobile group tested during the first 100 milliseconds 
of cutting can contribute to the higher knee injury risk reported in this population30,44.  
Given that hypermobility is a risk factor for non-contact knee and ACL injuries30,44 and side-
step cutting maneuvers are a high risk task for knee injuries, we anticipated observing a greater 
number of significant differences between the two groups, including peak knee valgus, lateral 
trunk flexion, and knee flexion. The difference between study outcomes and our hypotheses is 
likely to be due to the population tested. Most previous studies exploring movement of 
hypermobile individuals recruited children11,22,23, symptomatic individuals40, or individuals 
with well-defined disorders12,34. These studies found that hypermobile individuals present 
reduced semitendinosus activation during a Single Leg Hop for a Distance test23, altered muscle 
activation during isometric knee flexion and extension22, impaired balance34, increased fall 
frequency34, and altered movement during gait11,12,34,40. Based on the authors’ knowledge, only 
two studies have specifically involved asymptomatic hypermobile individuals15,28. Luder et 
al.28 found that hypermobile females had lower electromyographic activity of the quadriceps 
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during stair ascent and descent compared to non-hypermobile controls. However, when 
hypermobile females were divided into symptomatic and asymptomatic hypermobile groups, 
these differences remained significant between the symptomatic hypermobile group and 
control group only. Moreover, Hanzlíková and Hébert-Losier15 did not find any difference in 
gross movement patterns during jump-landing tasks between asymptomatic hypermobile and 
non-hypermobile participants. It may be that the asymptomatic hypermobile individuals 
examined in our study used different neuromuscular control strategies than symptomatic 
hypermobile participants and hypermobile participants with Ehlers–Danlos syndrome explored 
in previous studies. Hypermobile individuals without symptoms may be fully adapted to their 
condition and use strategies to actively stabilize their hypermobile joints during dynamic tasks, 
which may explain to some extent why they do not suffer from chronic pain, fatigue, micro 
traumas, and other symptoms associated with hypermobility. Furthermore, other symptoms 
associated with GJH may play a more important role in movement and injury risk than 
increased mobility beyond normal limits. For example, it is well know that chronic widespread 
musculoskeletal pain, common in connective tissue disorders, leads to changes in movement 
patterns and inhibition of related muscle activity, and therefore may contribute to injury to a 
larger extent21.  
Further research is needed to highlight any differences and clinical implications of any 
differences between symptomatic and asymptomatic hypermobile individuals as well as 
individuals with disorders affecting connective tissue. Knowledge of the differences between 
these groups may change the physical activity recommendations, prevention of injury, and 
rehabilitation approaches. For example, some research advises hypermobile individuals to 
participate in non-contact activities only, such as Pilates, Tai Chi, swimming, some forms of 
yoga, and dance, and to avoid physical exertion at a higher than normal rhythm10,39. On the 
other hand, Murray29 recommended full participation in any sporting activities for pain free 
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hypermobile individuals. Furthermore, scientific evidence indicate that joint hypermobility is 
coupled with reduced joint proprioception42 and muscle strength33,36. Therefore, these two areas 
appear to play an important role in prevention and rehabilitation approaches targeting 
hypermobile individuals. However, it remains unknown whether proprioception and muscle 
strength are affected to the same extent in all three hypermobility categories as defined by 
Castori et al.6.   
5 Limitations 
Advancing age leads to a decline in range of motion of joints up to 57% in the elderly1,37. 
Moreover, sport activity may result in positive adaptation and improve movement control of 
asymptomatic hypermobile individuals. Therefore, we caution that our sampled population of 
young active individuals may limit the generalizability of our findings to older or younger 
populations, or more or less active groups. Even though 3D motion capture system is 
considered “gold standard” in assessing human movement non-invasively with accuracy of less 
than 1 mm in marker tracing45, error in marker placement and soft-tissue artifact may result in 
error of measurement up to 40 mm31. Previous research has shown significant differences in 
joint moments between hypermobile and non-hypermobile individuals40, however, the kinetics 
of cutting maneuvers could not be examined in our study. Furthermore, the underlying 
neuromuscular control during side-step cutting maneuvers may differ between hypermobile 
and non-hypermobile individuals, although electromyography was not used as part of this study 
to confirm differences in muscle recruitment and activation patterns. 
6 Conclusion 
Although some significant differences in the kinematics of unanticipated cutting maneuvers 
were identified between asymptomatic hypermobile and non-hypermobile groups, based on 
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current evidence, these kinematic variables do not seem to play crucial roles in non-contact 
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Table A1. Directionality of joint kinematic variables in all three planes. 




Sagittal plane (X) Coronal plane (Y) Transverse plane (Z) 
 Negative values Positive values Negative values Positive values Negative values Positive values 
Foota Toe landing Heel landing Eversion Inversion External rotation Internal rotation 
Ankle Plantar flexion Dorsiflexion Abduction Adduction External rotation Internal rotation 
Knee Extension Flexion Valgus Varus External rotation Internal rotation 
Hip Extension Flexion Abduction Adduction External rotation Internal rotation 
Pelvis Anteversion Retroversion Pelvis drop on stance leg Pelvis drop on contralateral 
leg 
Rotation towards stance leg Rotation away from stance leg 
Trunk Extension Flexion Lateral flexion away from 
stance leg 
Lateral flexion towards 
stance leg 
Rotation towards stance leg Rotation away from stance leg 
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Table A2. Mean ± standard deviation values of angles (°) for hypermobile (n = 15) and non-hypermobile (n = 27) participants during 
unanticipated side-step cutting maneuvers. Refer to Table A1 for directionality of joint kinematics interpretations of minimal and maximal angle 
values. Significant differences (P ≤ 0.05) between groups are bolded. 
  DOMINANT LEG CUTTINGa NON-DOMINANT LEG CUTTINGa 







Sagittal 4.5 ± 7.5 3.7 ± 6.1 0.456 4.3 ± 7.9 5.2 ± 5.3 0.371 
Coronal -11.4 ± 9.6 -11.3 ± 9.4 0.431 -11.5 ± 9.5 -12.5 ± 7.8 0.297 
Transverse 2.8 ± 11.6 4.9 ± 11.5 0.839 5.9 ± 10.8 2.5 ± 12.1 0.762 
Ankle 
Sagittal min -11.1 ± 5.5 -10.6 ± 13.0  0.848 -9.6 ± 5.9 -14.1 ± 6.1 0.027* 
Sagittal max 15.7 ± 6.4 20.5 ± 11.1 0.081 17.5 ± 7.3 13.0 ± 8.2 0.073 
Sagittal RoM 26.8 ± 4.5 31.1 ± 10.2 0.069 27.1 ± 5.5 27.1 ± 7.2 0.965 
Coronal min 17.8 ± 7.7 18.0 ± 6.4 0.927 17.4 ± 4.8 15.1 ± 6.0 0.426 
Coronal max 31.7 ± 6.3 32.6 ± 6.9 0.697 32.2 ± 8.2 32.2 ± 7.3 0.824b 
Coronal RoM 14.0 ± 8.7 14.6 ± 5.2 0.868b 14.8 ± 8.3 17.1 ± 6.6 0.364b 
Transverse min -14.3 ± 8.2 -11.7 ± 13.3 0.454 -13.2 ± 7.7  -9.0 ± 8.7 0.115 
Transverse max -2.9 ± 8.9 -1.6 ± 13.5 0.710 -1.3 ± 8.0 1.2 ± 8.5 0.342 
Transverse RoM 11.4 ± 3.8 10.1 ± 3.5 0.318 11.9 ± 4.6 10.2 ± 3.2 0.226 
Knee 
Sagittal min 26.4 ± 4.9 27.1 ± 6.3 0.697 26.5 ± 5.4 25.0 ± 4.6  0.348 
Sagittal max 55.7 ± 7.7 55.9 ± 7.1 0.923 55.5 ± 8.0 54.8 ± 6.0 0.770 
Sagittal RoM 29.3 ± 5.5 28.8 ± 5.8 0.802 29.0 ± 7.6 29.8 ± 5.4 0.699 
Coronal min -10.5 ± 6.6 -13.7 ± 7.5 0.159 -13.5 ± 6.7 -16.3 ± 8.2 0.244 
Coronal max -0.5 ± 4.8 -4.0 ± 5.1 0.032* -2.2 ± 5.4 -4.7 ± 5.4 0.159 
Coronal RoM 10.0 ± 4.0 9.7 ± 3.9  0.803 11.3 ± 4.2  11.6 ± 4.3 0.857 
Transverse min -6.5 ± 5.9 -2.0 ± 6.6 0.035* -1.8 ± 9.2 -3.6 ± 7.7 0.535 
Transverse max 7.1 ± 6.0 9.5 ± 7.2  0.262 11.5 ± 9.5 8.8 ± 8.3 0.371 
Transverse RoM 13.6 ± 3.3 11.5 ± 4.2 0.079 13.3 ± 3.1 12.4 ± 4.5 0.459 
Hip 
Sagittal min 26.4 ± 12.3 26.5 ± 12.4 0.966 24.4 ± 15.4 24.9 ± 15.7 0.926 
Sagittal max 36.6 ± 11.5 36.9 ± 10.9 0.930 36.6 ± 12.7 37.1 ± 15.3 0.916 
Sagittal RoM 10.2 ± 4.3 10.4 ± 4.3 0.914 12.2 ± 5.3 12.2 ± 4.0 0.998 
Coronal min -17.6 ± 6.9 -17.6 ± 6.9 0.994 -20.1 ± 8.5 -18.9 ± 6.1 0.416b 
Coronal max -11.0 ± 6.0 -10.8 ± 7.0 0.939 -11.7 ± 9.4 -12.5 ± 6.4 0.934b 
Coronal RoM 6.6 ± 2.0 6.8 ± 2.3 0.839 8.4 ± 4.4 6.4 ± 2.4 0.130 
Transverse min -9.3 ± 10.4 -10.4 ± 8.6 0.719 -18.7 ± 13.3 -19.8 ± 12.5 0.794 
Transverse max 9.2 ± 9.2 6.7 ± 9.1 0.413 3.0 ± 10.3 0.2 ± 10.9 0.404 
Transverse RoM 18.5 ± 7.3 17.2 ± 6.2 0.566 21.7 ± 8.9 20.0 ± 6.8  0.510 
Pelvisc Sagittal min 4.0 ± 5.2 3.0 ± 9.2 0.642 1.2 ± 8.7 1.5 ± 9.3 0.927 
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Sagittal max 11.7 ± 5.5 10.3 ± 9.3 0.521b 12.3 ± 9.1 11.6 ± 10.5  0.825 
Sagittal RoM 7.7 ± 2.7 7.3 ± 2.8 0.702 11.1 ± 4.8 10.1 ± 4.1 0.523 
Coronal min 2.5 ± 10.0 2.7 ± 25.5 0.959 3.6 ± 10.5 7.4 ± 6.4 0.215 
Coronal max 8.9 ± 10.2 9.1 ± 22.8 0.442b 10.9 ± 10.6 14.0 ± 7.0 0.331 
Coronal RoM 6.4 ± 3.0 6.4 ± 3.8 0.990 7.4 ± 3.3 6.6 ± 2.9 0.442 
Transverse min 8.6 ± 18.7 17.1 ± 11.6 0.125 13.3 ± 21.5 16.1 ± 10.6 0.646 
Transverse max 17.3 ± 20.0 24.9 ± 12.6 0.198 20.3 ± 21.7 23.7 ± 10.2 0.581 
Transverse RoM 8.7 ± 3.7 7.8 ± 2.8 0.419 7.0 ± 2.9 7.6 ± 2.3 0.517 
Trunkc 
Sagittal min 5.8 ± 7.7  9.8 ± 8.2 0.161b 5.6 ± 7.7 9.3 ± 9.8 0.280b 
Sagittal max 12.3 ± 7.8 16.1 ± 8.1 0.197b 13.3 ± 8.7 16.7 ± 9.6 0.355b 
Sagittal RoM 6.5 ± 3.8 6.3 ± 2.7 0.790 7.7 ± 4.1 7.4 ± 4.0 0.789 
Coronal min -4.1 ± 7.2 -3.1 ± 7.7 0.668 -1.4 ± 5.6 -3.1 ± 7.5 0.412 
Coronal max 0.4 ± 5.7 0.9 ± 7.1 0.791 3.1 ± 7.2 0.9 ± 7.8 0.364 
Coronal RoM 4.5 ± 2.2  4.0 ± 1.8 0.473 4.5 ± 3.2 4.0 ± 1.8 0.583 
Transverse min 0.6 ± 14.1 3.4 ± 11.5 0.516 1.6 ± 18.4 2.7 ± 13.0 0.839 
Transverse max 11.9 ± 14.0 15.3 ± 12.1 0.436 12.2 ± 18.2 13.4 ± 14.1 0.836 
Transverse RoM 11.3 ± 4.6 11.9 ± 4.6 0.687 10.6 ± 5.2 10.7 ± 4.7 0.984 
        
Abbreviations: max, maximal angle; min, minimal angle; RoM, range of motion. 
*significant differences (P ≤ 0.05) based on the multiple linear regression model. 
a for right-leg dominant participants cutting to the left side was considered as dominant leg cutting and to the right side as non-dominant leg cutting. 
b P-value from the multiple linear regression model with significant sex confounder. Note, that no analysis was performed if only sex confounder was significant. 
c pelvis and trunk angles relative to the lab coordination system 
